The paper presents the analytical and consultancy system which aims at a complex, comprehensive, multi-criteria energy performance analysis of a given building or a group of buildings and at making a recommendation for an energy source with regard to CO 2 emission and investment costs determined on the basis of indicators included in the knowledge databases. The analytical and consultancy system employs advanced energy performance computer simulations of buildings as well as innovative analytical algorithms worked out and contributed by the authors, including those based on the knowledge base developed on the grounds of performance data from selected buildings of various types situated in a dozen or so cities of different population in Poland.
INTRODUCTION
Both in Poland as well as in other countries of the European Union, the issue of energy efficiency in the construction industry and in energy systems, including centralized heating systems, is treated as a priority. This approach follows from a number of EU Directives and Polish regulations, which aim at reducing the use of primary fuels and pollutant emissions, mainly CO 2 . The current energy policies which, among others, have brought about the introduction of legal and organizational solutions that render it possible to obtain financial support for investment projects which improve energy efficiency, have changed the Polish and European construction and power industry considerably [1] [2] [3] [4] [5] . More and more frequently, the need to convert the existing municipal energy systems into intelligent systems that can be an element of Smart Energy Cities has been emphasized. One of the effects of the above mentioned changes is a gradual decrease in the contracted power and heat supplied by centralized heating systems. This problem is a live issue not only in Poland, but also in other European countries and globally. The importance of the problem is also evidenced in a broad range of literature on this subject [5] [6] [7] [8] [9] [10] [11] . In this context, it is of particular significance to look for new solutions which allow optimization of operation of municipal energy systems, first of all in the aspect of energy efficiency, but having regard also to ecological and economic conditions. Additionally, it should be underlined that research and implementation projects which are currently carried out in Poland and worldwide are focused on solutions which can be directly implemented in practice, and this forces the use of most modern solutions, frequently very innovative, previously unavailable on the market [12] [13] [14] [15] [16] [17] [18] . Such an approach is perfectly consistent with the concept of Smart Energy City [19] [20] [21] [22] .
OPTIMIZATION OF MUNICIPAL ENERGY SYSTEMS
The key element in the concept of Smart Energy City is the use of information technologies and information and communication technologies for the purpose of enhancing interactivity and efficiency of municipal infrastructure and its components, and also for raising public awareness. In respect of energy management of urbanized areas, the term "Energy" is important in the name of the concept. It underlines that in these areas municipal energy systems used for the generation and distribution of all types of energy, and also equipment of buildings, which affects efficient energy use, are subjected to analysis from the point of view of their performance and optimization. Municipal energy systems, in the broad meaning, comprise municipal power grids, heating and cooling networks, heat substations in buildings, district or individual heat sources, including renewable energy sources, and also combined heat and power sources. The systems are extremely complicated, frequently territorially dispersed, and also diverse in terms of technology and ownership. As a consequence of this fact, the analysis referring to their technological aspects and optimization of their operation is a considerable challenge [23] [24] [25] . It should be carried out with the use of advanced analytical systems, supported with computer simulation methods and intelligent analytical systems. It is of crucial importance to base optimization of energy systems on multi-criteria analyses, taking into account all their elements, and to develop knowledge bases of intelligent analytical systems on the basis of operational data (consumption of electrical energy, heat, cooling, etc.) obtained from real buildings, sources of energy, heating and cooling and distribution networks. It is also essential to consider in the analyses the buildings which are supplied with electrical energy, heating and cooling by municipal energy systems. It should be emphasized that it is not possible to select appropriately elements of such systems without full knowledge about the structure of demand of buildings for various forms of energy, and also annual trends in the demand determined using a time step not exceeding one hour. A proper identification of energy performance of buildings renders it possible to evaluate technical parameters of energy systems, such as, among others, energy source power (heat, cooling, electrical energy), the flow of heating and cooling medium in distribution networks, capacity of local or group heat and cold storage tanks, technological scheme, power and equipment of a heat substation. In the framework of the research and implementation project, the existing analytical methods and tools for optimization of municipal energy systems have been reviewed extensively. The results of the review indicate that research studies which are currently carried out, mostly concentrate on an approach to the analysis and optimization of energy systems based on one criterion. Additionally, very often, they cover only selected aspects of their operation. Research studies published in [26] [27] [28] [29] [30] [31] [32] [33] may serve as an example. Research studies carried out in such a manner is of great scientific and practical value. They offer solutions to many complicated problems in the field of municipal power industry, for instance, they define the methodology of energy demand prediction [34] [35] [36] and optimize the procedures for controlling the operation of distribution networks [27, 29, 32, 37] . It should be emphasized, however, that a definitely better approach to the issue of optimization of municipal energy systems as a whole is a complex analysis which takes into consideration energy sources, distribution networks and buildings supplied with energy. Only such a multi-criteria approach to research allows a detailed analysis of each aspect of municipal energy system operation and a recommendation -based on this analysis -on its configuration and operational algorithms in order to achieve the assumed energy, ecological and economic indicators. It applies both to energy sources and distribution systems, as well as to buildings supplied with energy and heat from such systems. Therefore, we should strive to develop tools which would allow an analysis and recommendation on possible solutions. Such a tool has been designed and implemented.
INTELLIGENT, MULTI-CRITERIA SYSTEM FOR THE ANALYSIS AND OPTIMIZATION OF MUNICIPAL ENERGY SYSTEMS
An intelligent multi-criteria system for the analysis and optimization of municipal energy systems (an intelligent analytical system) was developed within the framework of the research and implementation project, financed by the National Centre for Research and Development, entitled "Analysis of Technical and Functional Requirements for Buildings Supplied by Centralized Heat Sources", which was carried out as one of the tasks of the strategic project entitled "The Integrated System for Decreasing the Functional Energy Consumption of Buildings". The intelligent analytical system is an integrated multi-module computer application developed with the use of the "R environment" (R project) and the ready-made EnergyPlus calculation engine [38, 39] . The concept of the system was based on the integration of many calculation tools for the purpose of creating a uniform computer system supported with knowledge bases which are based on operational investigations carried out in the course of the project. The objective of the intelligent analytical system is to perform energy performance analysis of a building or a group of buildings and also to make a recommendation concerning an optimum configuration of the system (local heat sources, centralized system, wide-spread generation of electrical energy and heat, etc.). The basic criteria taken into consideration in the analysis are: CO 2 emissions and investment costs determined on the grounds of indicators contained in the knowledge bases. It should be stressed here that knowledge bases used in the intelligent analytical system have been developed on the grounds of actual operational data (consumption of electrical energy, heat and cold) which were measured in more than 1050 buildings localized in the West of Poland. The fundamental elements of the intelligent, multi-criteria system for the analysis and optimization of municipal energy systems comprise: − a module for entering and editing data of building/buildings, − a module for the generation of input files to the simulation application (EnergyPlus) which calculates energy performance features of the buildings under investigation, − a simulation application based on the ready-made EnergyPlus calculation engine, − a module for the generation of input files for the calculation and selection of energy source, − an independent calculation module, prepared in the MATLAB and R environment, designed for the calculation and selection of an energy source for a building (including a centralized source) on the basis of CO 2 emissions, − a module for the analysis of investment costs of building a heating network together with an energy source for the needs of a group of buildings, − an external module for the analysis of investment costs and recommendation on an energy source on the basis of CO 2 emissions, and investment costs of the recommended energy source. Each of the above mentioned parts of the intelligent analytical system is based on knowledge bases. All data about buildings, installations, energy sources, operating costs constitute knowledge databases which are based on the investigations and analyses carried out within the framework of the project. The intelligent analytical system allows corrections to be made to the data comprised in knowledge databases, at the level of building analysis and also for the purpose of complementing software functionality.
Analysis of municipal energy system
The intelligent analytical system, which was developed, renders it possible to analyse an energy system which comprises one building and also a group of buildings. From the point of view of quality of the analysis, it does not matter which kinds of buildings will be considered. Buildings of different types can be analysed when the system is in operation (multi-family residential buildings, single-family buildings, public facilities, office buildings). The intelligent analytical system both for a single building and a group of them performs all the analyses considering the following possibilities of making a recommendation related to a municipal energy system configuration, including in particular the decision concerning the choice of an energy source for a building or a group of buildings ( Figure 1) :
− an analysis of a single building -built-in microcogenaration unit, connection of the building to the existing heating system with a centralized heat source, built-in gas boiler room, − an analysis of a group of buildings -gas boiler room built-in in each building separately, heating micro-network with a group heat source in the form of a gas boiler room, heating micro-network with a group heat source in the form of a microcogeneration unit, connection of the group of buildings to the existing heating system with a centralized heat source. The analysis carried out by the intelligent analytical system produces a list of recommendations on energy sources for either a single building or a group of them, which can be ordered in respect of both criteria at the same time, i.e., CO 2 emissions and estimated investment costs, or in respect of only one criterion. The intelligent analytical system algorithm and consequently its operations is divided into three stages which are carried out sequentially. In the first stage, energy performance calculations are made for a building or a group of buildings. At this stage, it is necessary to enter to the system all parameters which are essential from the point of view of energy performance of a building and/or buildings. A part of the data should be entered using the knowledge databases built-in into the system, whereas a part should be defined precisely on the basis of documentation or inventory of a given building. The intelligent analytical system makes it also possible to enter detailed information about the heating network, to which a building or a group of buildings may be connected. The geometry of the heating network is defined with the use of a graphic tool (Figure 1a) , which permits drawing a scheme of the network, connections of buildings and indication of energy source. Each symbol in the drawing is active, i.e., it renders it possible to assign to an element of the system proper technical parameters which allow the assessment of investment costs. The next step of the algorithm at this stage is generation of input data for the energy performance analysis of a building and/or buildings. The analysis is made with the use of EnergyPlus software integrated with the intelligent analytical system. The data are generated on the basis of parameters entered into the intelligent analytical system, such as basic dimensions, number of segments, floors, percentage share of windows in the area of individual walls, heat transfer coefficients, etc. Even though the input data for energy simulation describe a building in a simplified manner, the results obtained in the form of annual trends in changes in building energy performance parameters (with an hourly step) are one hundred percent consistent with the simulation results for such buildings, which are obtained using a very detailed building model. This follows from the research conducted within the project, in which a method was developed for simplifying the computer model of a building in such a manner that it would not lower the quality of its energy performance simulation results. A detailed description of the research work and results obtained can be found in [40] . The second stage of the algorithm operation of the intelligent, multi-criteria system for the analysis of municipal energy systems (intelligent analytical system) begins with loading the annual trends in changes in building energy parameters generated in EnergyPlus simulations (*.csv file). It consists in a multi-criteria selection of a heat source for a building or a group of buildings. On the basis of additional parameters entered by the user, the intelligent analytical system calculates the instantaneous power demand for domestic hot water production and instantaneous electric energy consumption on a yearly basis. The results obtained and annual trends in changes in energy performance parameters of buildings determined in computer simulations constitute the basis for selection of a heat source. Figure 2 presents an example of a chart obtained in the intelligent analytical system illustrating the consumption of heat and electrical energy in a building. The intelligent analytical system allows the choice of many different sources of heat and electrical energy for a municipal energy system. For example, an analysis was carried out for three variants: a cogeneration source, a gas boiler room and for a connection of the building to the existing heating system. In the case of the cogeneration system, a gas boiler or a heat substation can be the peak source. The intelligent analytical system enables simulation of the cogeneration system operation according to the demand for heat or electrical energy. In order to conduct all the calculations and analyses at this step of the algorithm operation, it is also necessary to enter data of the centralized heat source, which describe unequivocally the most important features from the point of view of the intelligent analytical system operation, i.e., CO 2 , emissions factors, source efficiency and heat cost, ordered charts, power, etc. Upon supplementation of input data, the intelligent analytical system activates the module created in the R environment, which carries out all the necessary calculations and analyses energy sources (including the centralized source). This module also generates all the necessary charts and characteristics. Figure 3 shows an example of the simulation result for the operation of a cogeneration system with the electrical co-generation coefficient β el = 0.8. In stage 3 of the algorithm operation, the intelligent analytical system carries out economic analyses of investment projects in order to select an optimum solution from the point of view of operating costs and also with consideration given to investment costs. The result of the analysis is a set of data which make it possible to choose an optimum heat source on the basis of technical and economic algorithms. The data are entered to the module for the purpose of their analysis and recommending heat sources on the basis of the economic analysis (which includes, among others, investment project costs, fuel costs, costs of pollutant emissions, costs of obtaining emission certificates, operating costs, etc.). The module generates charts and characteristics which allow investigating and checking on, among others: additional EBIT ( Figure 4 ) and EBITDA for an investment in a microcogeneration system, measures of economic effectiveness of the investment (NPV, IRR, discounted payback period) and others. The reports generated reflect the characteristics of the investment entered into the system. The number of potential combinations concerning investment characteristics is large enough to make it possible to assess almost all cases related to an investment in a small-scale cogeneration source. The data thus obtained can be used, among others, for analysing the profitability of investing in a cogeneration source for a building or a group of buildings and for issuing a decision concerning Union funding.
CONCLUSIONS
The intelligent analytical system is an advanced IT tool, based on solid mathematical fundamentals and extensive knowledge databases, designated for recommending a local or centralized heat source for a building or a group of buildings on the grounds of constructional or operational features. The software is perfectly suited for supporting investment decisions, planning investments connected with changing heat supply to buildings or small housing estates. Due to its expert character it can also be treated as an advisory tool for planning changes in energy policies of an urban area. S t r e s z c z e n i e W miejskich systemach energetycznych optymalna konfiguracja przestrzenna, technologia wytwarzania ciepła, moc źródeł ciepła i ich wydajność energetyczna są kluczowymi zagadnieniami z punktu widzenia negatywnego wpływu na środowisko i komfortu życia. Obecnie, zarówno w Polsce, jak i na całym świecie, brakuje zaawansowanych narzędzi analitycznych, a także usług doradczych, które mogłyby być wykorzystywane do kompleksowej analizy takich systemów. Narzędzia tego typu powinny umożliwić opracowanie zaleceń mających na celu przekształcenie istniejących miejskich systemów energetycznych w nowoczesne, wysokowydajne, ekologiczne i inteligentne systemy typowe dla "Smart Energy Cities". W artykule przedstawiono system analityczno-doradczy, którego celem jest kompleksowa, wielokryterialna analiza efektywności energetycznej budynku lub grupy budynków oraz przedstawienie rekomendacji dla źródła energii z uwzględnieniem emisji CO 2 i kosztów inwestycji określonych na podstawie. System analityczno-doradczy wykorzystuje zaawansowane komputerowe symulacje energetyczne budynków oraz innowacyjne algorytmy analityczne opracowane przez autorów, w tym oparte na bazach wiedzy zbudowanych z wykorzystaniem danych zebranych w czasie inwentaryzacji budynków zlokalizowanych w kilkunastu miastach w Polsce.
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